During tissue embryogenesis, precursor cells divide actively and eventually withdraw from the mitotic cycle before differentiation. Accurate information about the time of terminal mitosis ("birthdate") of precursors is of vital importance for studying relationships between cell proliferation and differentiation. Methods presently available for birthdate determination, based on "pulse" or "cumulative" labeling with either tritiated thymidine ('HT) or bromodeoxyuridine (BrDU) incorporated into DNA during the mitotic cycle, allow only the approximate timing of terminal mitosis. To overcome this limitation, we have developed a "window labeling" technique based on the sequential administration of 3HT and BrDU. Chick retinal precurxu cell cultures were fmt exposed to 3HT and, after a specified time interval, also to BrDU. After 6 days the cultures were fiied and processed for BrDU immunocytochemistry and 3HT autoradiography.
Introduction
The transition from a proliferative to a non-proliferative state represents a major landmark in cell development. In the central nervous system (CNS), the non-proliferating state is reversible in some cell types, such as glia, but neurons seem to lose this capacity permanently after "terminal mitosis," which usually correlates with the onset of overt differentiation. It is still unknown whether precursor cells become committed to specific phenotypic fates while they are still capable of dividing or, alternatively, whether they remain uncommitted for some time after terminal mitosis. The availability of methods for accurate determination of the time of cell birth is of paramount importance for experimental analysis of these questions. 
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The most extensively used techniques for cell birth determination are based on tritiated thymidine ( 3HT) autoradiography (Sidman, 1970) . This precursor is incorporated into DNA during the S-phase of the mitotic cycle; therefore, cells that replicate their DNA in its presence appear labeled in autoradiographs. In the cumulative labeling paradigm, 3HT is administered repeatedly over time, so that the only cells appearing unlabeled in autoradiographs are those that are already post-mitotic when the precursor is first administered. Although this technique is straightforward, its resolution is relatively limited because it cannot distinguish between cells becoming post-mitotic at different times before the onset of 3HT administration. Pulse labeling, on the other hand, involves a single 3HT dose. In this paradigm, cells undergoing their last round of DNA synthesis at the time of 3HT injection appear heavily labeled in autoradiographs, whereas those that continue to divide dilute the label and show fewer silver grains. Birthdate determinations using this paradigm either are based on subjective definitions of "heavily labeled" cells or require time-consuming counts of silver grains in autoradiographs. They are subject to some ambiguity even in the latter case, since cells that spend only a small fraction of their last S-phase in the presence of the radioactive precursor appear lightly labeled even if they never divide again. In summary, both cumulative and pulse labeling protocols allow approximate determinations of the time of cell birth, but their resolution is usually measured in days rather than hours.
The thymidine analogue bromodeoxyuridine (BrDU) was introduced more recently as an alternative to 3HT for studies of cell proliferation and cell birth (Miller and Nowakowski, 1988) . Availability of monoclonal antibodies against BrDU (Gratzner, 1982) allows its detection by immunocytochemistry, a technique considerably faster than autoradiography. BrDU is more useful in cumulative labeling than pulse labeling paradigms, since its dilution by repeated division cannot be readily evaluated by visual inspection. BrDU immunocytochemistry, in summary, offers the advantage of generating results faster and less laboriously than 3HT autoradiography, but it does not improve the resolution offered by 3HTbased methods.
We have developed a method, designated "window labeling," in which the determination of the time of cell birth can be made with higher resolution than with existing pulse or cumulative methods. This technique is based on the staggered administration of both 3HT and BrDU, an approach previously used by others for measurements of S-phase length and cell cycle duration (Beebe and Hyatt, 1991; Hume and Thompson, 1990; Chwalinski et al., 1988) but which, to the best of our knowledge, has not yet been used for "cell birth" studies. In our technique, the window labeling interval is defined as the time between an initial administration of 3HT and a subsequent administration of BrDU. Cells that undergo their last round of DNA synthesis during this period are labeled with 3HT but not with BrDU, thus defining a unique population of 3HT (+ )/BrDU (-), "window-labeled" cells. Unlabeled cells, 3HT (-)/BrDU (-), are those "born" before the administration of both precursors, and all BrDU (+)cells, regardless of their labeling pattern with 3HT, are those that complete one or more rounds of DNA synthesis after onset of exposure to BrDU. To validate this technique, we used dissociated cultures of embryonic Day (ED) 6 chick retina, which contain a population of mitotically active precursor cells that undergo terminal mitosis and differentiation into morphologically identifiable neurons and photoreceptor cells (Repka and Adler, 1990; Adler, 1986a,b) . The studies demonstrate that the "window labeling" technique does indeed allow for accurate determination of the time of neuronal birth, with a resolution time of hours or minutes rather than days. Under the conditions reported here, the method appears devoid of substantial toxic effects.
Materials and Methods

Cell Culture
Embryonic Day (ED) 6 White Leghorn chicks were staged according to the method of Hamburger and Hamilton (1951) . N e u d retinas were dissected, dissociated, and seeded onto 35-mm polyornithine-coated culture dishes at an initial density of 8 x 10' cells per dish (for full details of culturing methods see Adler, 1990) . Cells were culmed in Medium 199 supplemented with 10% heat-inactivated fetal bovine serum, linoleic acid/albumin (I10 pglml), and penicillin (100 U/ml). Unless otherwise stated, all cultures were terminated after a 6-day culturing period.
Labeling Protocols
Cultures were grown in medium containing either [ 3H]-thymidine (3HT), or bromodeoxyuridine (BrDU), or a combination of 3HT and BrDU to label mitotically active retinal precursor cells. The following paradigms were used.
Single Labeling with 3~. Cultures were grown for the entire culturing period in 3HT-containing medium (Amersham, Poole, UK; specific activity 25 Cilmmol; 1 pCCi/ml final concentration), washed in PBS, and fived in 4% paraformaldehyde in 0.1 M PBS. After additional washes in PBS, culture dishes were air-dried and processed for autoradiography (see below).
Single Labeling with BrDU. Cultures were seeded in unlabeled medium and, after a 6-hr time delay, BrDU (Amersham) was added to the medium at a final concentration of 3 pglml. Cultures were terminated and processed for BrDU immunocytochemistry (see below).
Window Labeling with 3HT and BrDU. In most cases, cultures were seeded in 3HT-containing medium. BrDU was added to the 3HTcontaining medium at selected time intervals after culture onset (4. 6, 8, 12, 24, 32. 48 hr; see Figure 1 ). In some experiments, however, the 3HTcontaining medium was aspirated after 6 hr and BrDU-containing medium was added after washing the cultures with three changes ofunsupplemented Medium 199. In most cases cultures were fixed and processed for BrDU immunocytochemistry and 3HT autoradiography after 6 days in vitro (see below). In experiments aimed at determining the time required to detect BrDU incorporation into cells, cultures were fixed 15, 30, 45. 60, or 90 min after the onset of BrDU exposure.
BrDU Immunocytochemistry
Cultures were fixed for 20 min at room temperature in 95 % alcohol, 5% glacial acetic acid, followed by three washes in 0.1 M PBS and subsequent overnight incubation at 4'C in 10% goat serum (to inhibit nonspecific antibody binding). To denature DNA, dishes were incubated at 70'C for 30 min in 95% de-ionized formamide with 1 ml of 20 x SSC (20 x SSC: 0.15 M NaCI, 0.15 M trisodium citrate, pH 7.0) followed by two 5-min washes with PBS at 4'C ( Apte. 1990 
3HT Autoradzbgraphy
After the appropriate fixation (and, in some cases, immunocytochemistry procedures). dishes were air-dried, coated with a 1:1 dilution of Kodak NTB I1 Nuclear track emulsion, boxed in light-tight canisters, and exposed for 5 days at 4%. Autoradiographs were developed for 6 min in Kodak D 170 developer, washed in tapwater, and fixed for 3 min in 5 % sodium thiosulfate. After rinsing in distilled water, dishes were coverslipped with 95% glycerol.
Cell Counts
Total cell numbers in the cultures were determined in a masked fashion by counting the number of cells in 20 microscopic fields, corresponding to 111000 of the dish surface. In addition, 200 cells per culture dish were further analyzed under phase-contrast, brightfield. and fluorescence optics at x 400 magnification using a Nikon Fluophot microscope, and clas- 
Statistical Analysis
Statistical analysis was performed to assess whether there were significant differences in numbers of photoreceptors, neurons, and total cells as a result of treatment with either 3HT alone, 3HT and BrDU, or BrDU alone.
Comparisons between control and treatment groups were made within an experimental series for seven different experiments (n = 3 each experiment). Analysis of variance (ANOVA) was done for each experiment followed by Dunnett's post hoc t-test.
Results
Qualitative Analysis
Photomicrographs of cultures seeded in 3HT-containing medium, supplemented with BrDU after 6 hr and fixed after 2 days or 6 days in vitro, are shown in Figure 2 . One population of cells shows no labeling with either 3HT or BrDU. A second subpopulation displays intense BrDU nuclear immunostaining, frequently accompanied by autoradiographic silver grains, indicating that the cells incorporated both BrDU and 3HT. BrDU (+)/3HT ( -) cells can also be seen occasionally in cultures in which the 3HT was washed from the media before BrDU addition (not shown). Finally, there is a subpopulation of cells with conspicuous accumulations of silver grains overlying the nucleus in the absence of any detectable immunostaining, suggesting that they incorporated 3HT but not BrDU. These are the "window labeled" cells (see below). Although these subpopulations can be readily recognized in shorter-term cultures, cell differentiation is more advanced in 6-day cultures (Figure 2C) , thus allowing the identification of the labeled and unlabeled cells as either neurons or photoreceptors (Adler, 1986a (Adler, ,b,1990 . Photoreceptors frequently show some punctate BrDU immunoreactivity associated with the inner segment region, which is known to contain an accumulation of mitochondria ( Figure 2D ). This staining pattern can be readily distinguished from nuclear labeling and is seen even in photoreceptors with no nuclear labeling. It is possible that this labeling pattern corresponds to BrDU incorporation into mitochondrial DNA.
Quantitative Analysis
According to a tentative interpretation of our qualitative observations, as summarized in Figure 1 6, 8, 12, 24, 32, or 48 hr. All cultures were fixed after 6 days in vitro and processed for BrDU immunocytochemistry and 3HT autoradiography. As shown in Figure 3 , the frequency of 3HT (-)/BrDU (-)cells remained essentially unchanged, representing 3540% of the total cell number. 3HT (+)/BrDU ( -) cells progressively increased from less than 10% for a 4-hr window labeling interval to 50% of total as the window labeling interval was extended up to 24 hr. There was a further but slower increase, to approximately 60%, after 8 additional hr, with no increases thereafter. On the other hand, more than 50% of the cells were BrDU (+) after a window labeling interval of 4 hr, but their frequency decreased to a minimum at 48 hr. Virtually no cell proliferation occurred after 48 hr in vitro (see also Repka and Adler, 1990 ).
Interactions Between 3HT and BrDU
The proposed interpretation of these results rests on the assumption that 3HT present in the medium and/or intracellularly does not interfere with BrDU labeling of the cells that continue dividing after administration of this precursor. To verify this assumption, BrDU was added 6 hr after culture onset to dishes seeded either in cold or in 3HT-supplemented medium. The latter group was subdivided into two subgroups: half of the dishes received BrDU directly into the original 3HT-containing medium. whereas the re- maining dishes were washed three times in 3HT-free medium before receiving BrDU-containing medium (control experiments showed that no detectable 3HT remained in the medium after the third wash). As shown in Figure 4A , after 6 days in vitro the number of 3HT (+)/BrDU (-)$ window labeled cells was essentially identical regardless of the presence of 3HT in the medium during BrDU exposure. Moreover, the total number of BrDU (+)cells was also similar in the three experimental groups ( Figure 4B ).
A B
Timing of BrDU Incorporation into Cells
To determine the lag between the administration of BrDU nocytochemistry only showed that BrDU (+)cells could be readily identified in cultures exposed to this precursor for only 15 min, and that nuclear immunoreactivity of many cells was already very bright at that stage ( Figure 5 ). Similar observations were made in cultures that were processed for both BrDU immunocytochemistry and 3HT autoradiography (not shown). These results indicate that the actual termination of the window labeling period is indeed very close to the time at which BrDU is added to the cultures.
Effects of 3HT ana' BrDU on Cell Survival ana' Dzfferentiation
We carried out seven experiments to investigate possible deleterious effects of 3HT and BrDU on the cultured retinal cells. Representative results are illustrated in Figure 6 , showing that the total number of cells and the relative frequency of neurons and pho- BrDU + Neurons toreceptor cells were similar in control unlabeled cultures as compared with cultures exposed to 3HT alone, to BrDU alone, or to sequential treatments with 3HT and BrDU. In only one out of seven experiments, in which cultures were treated with 3HT and BrDU, was there a statistically significant decrease in total number of cells as well as in the frequency of photoreceptors (p < 0.05).
We have no explanation for the difference between this aberrant result showing a treatment effect on the composition of the cultures, and six other experiments in which no effects were detected.
Discussion
The studies reported here demonstrate that a "window labeling" technique, based on staggered administration of 3HT and BrDU, allows determination of the time of terminal mitosis with high accuracy, and with a resolution that can be measured in hours or minutes rather than in days as in 3HT or BrDU single labeling methods. The principles of the method are fairly simple. Cells that are post-mitotic before the administration of 3HT and BrDU remain unlabeled, whereas those that continue dividing after BrDU administration are BrDU (+ ). The only cells that are labeled with 3HT alone are those completing their last round of DNA synthesis after 3HT administration, but before the onset of BrDU availability. An additional advantage of the window labeling technique is that it can also distinguish cells "born" before the window labeling period from those that continue to divide after it.
Six conditions are necessary for this method to be reliable. First, the presence of 3HT in the labeling medium and/or in cellular DNA should not interfere with BrDU uptake and incorporation. This is a serious consideration, since BrDU is a thymidine analpgue that competes with 3HT for binding to thymidine kinase (Cleaver, 1967) . It has been shown that BrDU, when administered simultaneously with 3HT, causes some reduction in 3HT incorporation (Hume and Thompson, 1989) . However, many studies have shown that essentially all the cells that are labeled by one of these precursors alone can also be labeled when 3HT and BrDU are administered simultaneously (Apte, 1990; Hume and Thompson, 1989; Miller and Nowakowski, 1988; Silvestrini et al., 1988; Raza et al., 1985) . In agreement with these results, we have found that similar numbers of cells become labeled with BrDU irrespective of the absence, concomitant presence, or previous presence of 3HT in the cultures.
A second consideration is that the lag between BrDU administration and the onset of its immunocytochemical detectability in cell nuclei must be very short. This is necessary to minimize differences between the actual duration of the "window labeling" interval and its empirical definition based on the time of BrDU administration. This lag time appeared to be very short in our experiments, since a very high number of BrDU (+ ) cells could be detected in cultures exposed to BrDU for only 15 min.
Third, the presence of autoradiographic silver grains should not interfere with the detection of BrDU immunoreactivity. In our experiments, which included relatively low 3HT concentrations and short autoradiographic exposures, the number of BrDU (+) cells detectable in cultures treated with both BrDU and 3HT was similar regardless of whether they had or had not been processed for autoradiography (data not shown). Equivalent observations have been reported by others (cf. Hume and Thompson, 1989; Miller and Nowakowski, 1988, among others) .
Fourth, the product of the immunocytochemical reaction should not interfere with the autoradiographic process andlor with the detection of autoradiographic silver grains. We have observed that immunofluorescence is significantly more compatible with simultaneous autoradography than immunocytochemical techniques involving the generation of colored reaction products, such as peroxidase-anti-peroxidase or biotin-avidin coupled to horseradish peroxidase or to alkaline phosphatase (data not shown). It is relevant that peroxidase-based techniques have been reported to cause negative chemography, a complication not detected with immunofluorescence ( Z h m e r et al., 1991).
Fifth, the protocols used should allow good preservation of cytological detail to allow accurate identification of different cell phenotypes. We found this to be the case when DNA denaturation (necessary for BrDU immunocytochemistry) was done using the hot formamide protocol described by Apte (1990) and Magaud et al. (1989) . This protocol gave much better morphological preservation than those recommended by others, such as sodium hydroxide or hydrochloric acid treatments (cf. VanFurth and VanZwet, 1988; Schutte et al., 1987) .
Sixth, BrDU must be constantly available after its initial administration to ensure that cells that continue dividing thereafter do not dilute their BrDU labeling. We verified this by exposing newly seeded cultures to BrDU-containing medium previously used to treat other cultures for 6 days; many cells became intensely BrDU immunoreactive under these conditions (not shown).
It is well known that BrDU has a variety of effects on cell differentiation (e.g., Yen and Forbes, 1990; Sugimoto et al., 1988; Biggers et al., 1987; Moore et al., 1986; Bannigan et al., 1981) . Because of these observations, it is important to consider potential complications in cell proliferation and cell birth studies using BrDU. In the window labeling method, it is reassuring that the cells of interest, i.e., those undergoing terminal mitosis during the "window labeling" period, will be BrDU (-) by definition and should not be directly affected by this thymidine analogue. However, it should be noted that the BrDU (+ ) population could potentially affect the BrDU (-) population in an indirect manner. In our studies, and with the exception of one experiment in which there was a small but statistically significant decrease in cell numbers, no detectable changes were observed in six experiments in which this issue was investigated in some detail. In addition, cell differentiation occurred in an apparently normal manner, insofar as cell morphogenesis is concerned. These observations agree with reports in the literature indicating that, at the concentrations used for cell proliferation studies, BrDU is apparently devoid of detectable toxic effects (e.g., Miller and Nowakowski, 1988 ). However, it is possible that more subtle alterations could occur even at these lower concentrations; therefore, it appears reasonable to suggest the need to investigate in some detail the possible effects of BrDU on the particular cell behaviors under investigation.
In summary, our studies have demonstrated that a window labeling technique based on sequential administration of tritiated thymidine and bromodeoxyuridine provides the means for accurate and reproducible determination of the time of terminal mitosis, allowing also a distinction between cells born before and after that time.
Further studies will be necessary to determine whether the method is equally applicable to in vivo experimentation. However, its in vivo feasibility is suggested by studies from other laboratories in which double labeling techniques with 3HT and BrDU have been used for cell cycle and S-phase investigations (Hume and Thompson, 1990 ; Chwalinski et al., 1988) .
